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We present a search for continuous gravitational-wave signals from an unidentified pulsar potentially
powering HESS J1427-608, a spatially unresolved TeV point source detected by the High Energy Stereoscopic
System (HESS). The search uses a semicoherent algorithm, which combines the maximum likelihood F
statistic with a hidden Markov model to efficiently detect and track quasimonochromatic signals that wander
randomly in frequency. It uses data from the second observing run of the Advanced Laser Interferometer
Gravitational-Wave Observatory. Multiwavelength observations of the HESS source are combined with the
proprieties of the population of TeV-bright pulsar wind nebulae to constrain the search parameters. We find no
evidence of gravitational-wave emission from this target. We set upper limits on the characteristic wave strain
h>% (for circularly polarized signals) at 95% confidence level in sample subbands and interpolate it to estimate
the sensitivity in the full band. We find 2J°% = 1.3 x 1072 near 185 Hz. The implied constraints on the

1,3

ellipticity and r-mode amplitude reach ¢ < 107 and @ < 1073 at 200 Hz, respectively.
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I. INTRODUCTION

The detection of transient gravitational waves (GWs)
from compact binary coalescence events by the Advanced
Laser Interferometer Gravitational-Wave Observatory
(aLIGO [1]) and Advanced Virgo (aVirgo [2]) detectors
has started a new era of GW astronomy. Steady improve-
ments to the detectors have resulted in more frequent
detection of signals from merging binary black holes,
binary neutron stars, and neutron star—black hole systems
[3-5]. Isolated, nonaxisymmetric neutron stars can also
generate persistent, quasimonochromatic signals detect-
able by ground-based interferometers [6,7]. Significant
effort has gone into developing tools and methods to
search for these continuous gravitational wave (CW)
signals. The three main types of CW searches, in order
of increasing computational cost, are (1) targeted searches,
where the source location and spin parameters are known
electromagnetically, e.g., [8—11]; (2) directed searches,
where only the sky position of the source is known, e.g.,
[12-18]; and (3) all-sky searches where both the location
and rotation parameters are unknown, e.g., [19-26].
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In this paper, we perform a directed search for CW
signals from a probable neutron star powering a TeV source
using public data from the alLIGO second observing run
(02). More specifically, we focus our analysis on HESS
J1427-608, an unidentified and spatially unresolved point
source detected by the High Energy Stereoscopic System
(HESS) in 2007 [27]. Using a two-dimensional symmetric
Gaussian, the HESS Galactic plane survey estimated a
maximum angular diameter of ¢ = 0.048 £ 0.009° for this
source. As the distance to the source is unknown, the small
angular extent may indicate either a young or distant source
[27]. Recent analysis of the x-ray multimirror mission
(XMM-Newton) source catalog found a pointlike object,
4XMM J142756.7-605214, located near the center of the
HESS emission region [28,29]. An extended nonthermal
x-ray emission (Suzaku J1427-6051) is also associated with
this TeV source [30]. Its x-ray flux is dominated by a central
bright source instead of a shell structure typically seen with
other supernova remnants (SNRs). The Fermi large area
telescope (Fermi-LAT) also found a GeV y-ray point source,
3FHL J1427.9-6054, which is spatially coincident with the
HESS emission region and has a hard, pulsarlike spectrum
that connects smoothly to the TeV y-ray spectrum measured
by HESS. Although the exact mechanism responsible for
the generation of y-ray emission is not yet clear, Devin et al.

© 2022 American Physical Society
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[28] conclude that the presence of coincident, extended
X-ray emission region and the hard spectral shape of the
Fermi-LAT source suggests a leptonic scenario. In this
scenario, the TeV y rays are generated by inverse Compton
scattering of low-energy photons by relativistic nonthermal
electrons or positrons. It is frequently used to describe TeV
emission from a pulsar wind nebula (PWN) powered by a
young pulsar. The radio morphology and spectral index of
the source also indicate a center-filled PWN as opposed to a
shell-type SNR [31]. This, again, provides evidence for the
scenario where HESS J1427-608 is a compact PWN
powered by a young pulsar.

The TeV emission could also be a reliable cosignature of
CWs, as it is associated with young pulsars. These stars are
especially likely to be nonaxisymmetric, as the mass and
current quadrupoles produced during a violent birth have
had relatively little time to relax via viscous, tectonic, or
Ohmic processes [32-34]. Moreover, young pulsars are
surrounded by active magnetospheric and particle produc-
tion processes, which may react back on the star and induce
nonaxisymmetric variations in the stellar temperature and
hence mass density, thus yielding a gravitational-wave-
emitting mass quadrupole [35-38]. Therefore, the above
characteristics make HESS J1427-608 an interesting GW
target.

Continuous wave searches for sources like HESS J1427-
608 are usually carried out in a semicoherent manner by
running a matched filter whose phase tracks the signal
coherently within blocks of time but jumps discontinuously
from one block to the next, as the signal parameters (e.g.,
frequency) evolve. There are two reasons for this. First, CW
signals are weaker than compact binary coalescence signals
and require integration times of years to be detected. With
such long integration times, the number of matched-filter
templates (e.g., for the signal frequency and its derivatives
in a Taylor expansion) grows prohibitively large, if the
search is fully coherent. Second, pulsar timing measure-
ments reveal that the signal frequency evolves unpredict-
ably. Stochastic spin wandering, also known as timing
noise, is a widespread phenomenon in pulsars [39—41]. It is
attributed to various mechanisms, including changes in the
star’s magnetosphere [42], spin microjumps [43], super-
fluid dynamics in the stellar interior [44,45], and fluctua-
tions in the spin-down torque [46,47]. Characterized as a
random walk in some combination of rotation phase,
frequency, and spin-down rate, timing noise is particularly
pronounced in young pulsars with characteristic ages
<10 kyr [39,48]. Although spin wandering could, in
principle, be modeled by including higher-order derivatives
in a Taylor expansion of the phase model, the number of
derivatives required would make the search computation-
ally infeasible.

We deploy instead a computationally efficient semi-
coherent algorithm to circumvent this issue. The algorithm
combines an existing, efficient, and thoroughly tested

maximum likelihood detection statistic called the F sta-
tistic [49] with a hidden Markov model (HMM) [50]. The
JF statistic coherently searches for a constant-frequency
signal within a block of data, while the HMM tracks the
stochastic wandering of the signal frequency from one
block to the next [51].

The search in this paper uses data from the O2 run of the
al.IGO detectors in the 20-200 Hz frequency band. We use
the coincident x-ray source 4XMM J142756.7-60521 to
estimate the sky position of the central bright source.
Additionally, we choose a coherence time (7,) of 7.5 h
to balance search sensitivity and computational cost. The
motivation behind the choice of search location, frequency
range, and 7, is outlined in Sec. II. In Sec. III, we briefly
review the search procedure, which is similar to the one used
in Refs. [52,53], including a description of the signal model,
JF statistic, and the HMM implementation. Additionally, we
outline the procedure used for selecting a detection threshold
and briefly discuss the interferometer data. Above-threshold
candidates are passed through vetoes to separate instrumen-
tal artifacts from astrophysical signals. The outcome of the
analysis is summarized in Sec. IV. We also compute upper
limits on the characteristic wave strain and estimate the
search sensitivity. Astrophysical implications are discussed
in Sec. V. Finally, we conclude in Sec. VL.

II. SEARCH SETUP

In this section, we outline the motivation behind three
key parameter choices: the search location (Sec. I[ A),
frequency band (Sec. IIB), and coherence time Ty,
(Sec. I1 C). The coherence time is defined as the duration
of the data interval analyzed coherently by the JF statistic.

A. Search location

The centroid of HESS TeV emission is located at right
ascension 14h 27m 52s and declination —60°51’00” (J2000).
However, the centroid of a TeV-bright PWN is often offset
from the associated pulsar and, as a rule of thumb, the offset
gets larger with the age of the system [54]. This is attributed
to a combination of the proper motion of the pulsar,
asymmetric evolution of the PWN, or an asymmetric pulsar
outflow [54,55]. The thermal [56] and nonthermal [57] x-ray
emission, on the other hand, is directly tied to the density of
high-energy electrons in the acceleration region close to the
pulsar and is frequently used to detect radio-quiet pulsars
[58-60]. The latest XMM-Newton catalog contains a point-
like source, 4XMM J142756.7-605214, located near the
center of the HESS emission region. Although a dedicated
study is needed to confirm its relation to the coincident
extended x-ray emission (Suzaku J1427-605), it is likely to
be the neutron star powering HESS J1427-608, as is the case
for Cassiopeia A, Crab, Vela, and other similar SNRs [61—
64]. We, therefore, direct the search at 4XMM J142756.7-
605214 located near the center of HESS J1427-608.
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FIG. 1. Spin frequency f, versus characteristic age 7. of pulsars

associated with TeV-bright PWNe in the TeV2 catalog [65-68].
The blue dots represent pulsars associated with firmly identified
(i.e., definitely) TeV-bright PWNe. The red dots show the pulsars
associated with HESS candidate PWNe.

B. Frequency range

There is no electromagnetic measurement of the spin
frequency of the pulsar potentially powering HESS J1427-
608. Therefore, we use the properties of the TeV PWN
population to set bounds on the CW signal frequency. The
TeVCat2 catalog [65] contains 33 sources that are either a
candidate PWN or a firmly identified PWN powered by a
known pulsar. The characteristic age (z..) of these pulsars is
plotted against their spin frequency (f.,) in Fig. 1 [66-68].
A majority of these pulsars have 7, <25 kyr and
f. <20 Hz. Plausible emission mechanisms for these
pulsars could include a mass quadrupole caused by a
thermoelastic or magnetic mountain, which emits a CW
signal at f, and 2f, [69,70], r modes, which emit at
roughly 4f,/3 [71], and a current quadrupole produced by
nonaxisymmetric circulation of neutron star superfluid
pinned to the crust, which emits at f, [72]. A minimum
frequency cutoff of 1 Hz would be ideal as it allows us to
explore all of the aforementioned scenarios (i.e., emission
at f,, 4f,/3, and 2f,) for objects in Fig. 1. However, the
one-sided amplitude spectral density (ASD) of the detector
noise rises rapidly to =5 x 102! Hz~!/? below 20 Hz,
which precludes the detection of any plausible CW signal
[73]. Additionally, the GW open data are aggressively high-
pass filtered at 8 Hz to avoid downstream signal processing
issues and thus cannot be used for scientific analysis below
10 Hz [74]. Therefore, we only search for CW signals
above 20 Hz, while acknowledging that only 15 pulsars
powering PWNe in the TeVCat2 catalog have 2f, emission
above 20 Hz and only seven have 4f,/3 emission above
this limit.

We limit the maximum search frequency to 200 Hz for
two reasons: (1) The CW emission from isolated young
pulsars associated with TeV-bright PWNe lies in the 20—
200 Hz range, based on their measured spin frequencies
[54,68]. (2) Individual recycled millisecond pulsars (MSPs)
with typical ages > 10° yr and spin frequencies f, >
100 Hz are likely to dominate emission above 200 Hz
[68]. While TeV emission has been linked to a population
of MSPs in the globular cluster Terzan5 [75] and, recently,
to very extended (> 20 pc wide) TeV “halos” [76], the
observed x-ray and GeV luminosities of HESS J1427-608
[Lx(2-10 keV) > 4 x 10** erg/s and Lgey (> 10 GeV) >
3 x 103 erg/s [27]] are orders of magnitude larger than the
observed luminosities of known MSPs in the Galactic field
(see Figs. 1, 10, and 11 in Refs. [77-79], respectively).
Therefore, HESS J1427-608 is unlikely to be a system
powered by an isolated MSP. This justifies why we can
exclude scenarios where the CW emission frequency is
likely to exceed 200 Hz.

The search over 20-200 Hz is divided into 2-Hz-wide
subbands. This ensures that loud non-Gaussian noise
artifacts (e.g., lines) are confined to one subband and do
not affect the whole analysis. Additionally, we overlap the
frequency subbands by 0.02 Hz to ensure that there is
always a subband that fully contains a signal, even if the
source is rapidly spinning down. The 0.02 Hz overlap is
sufficient to cover the maximum plausible amount of spin
wandering during a typical observation of T, < 234 days.

C. Coherence time

The coherence time T, sets the frequency resolution of
the search. It is chosen such that a wandering signal
frequency remains in one frequency bin during a single
coherent step. Here, we rely on the estimated age-based
spin-down rate (f) to choose an optimal T, for the
search. It is estimated using [53,80,81]

fo

(nmin - 1)Tage

fo

<fo<—
(nmax -

)

1 )Tage

where f, represents the signal frequency, 7, is the age of
the source (here assumed to be the characteristic age 7,.),
and ny,;, and ny,, represent the minimum and maximum
value of the braking index n = f fo/ f02, respectively.
With f, estimated according to Eq. (1), we set T <
(2|fo])~"/% [52.,80,82]. A full derivation of this expression
is available in Appendix A.

Multiple groups have attempted to estimate the age of
HESS J1427-608. Assuming that the TeV source is an
evolved PWN, Devin et al. [28] estimate a characteristic
age between 4.9 and 13.6 kyr. Fujinaga et al. used the
correlation between the ratio of y-ray to x-ray flux (F,/Fy)
and 7, to obtain 7, ~ 6.4 kyr [83]. However, as reported in
Ref. [84], the fit that relates F,/ Fx to 7, has an uncertainty
factor of ~2.6, which increases the bounds on the estimated
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TABLE I. Estimated fo and T, in [20-200] Hz band.

n T |f0| (HZ S_l) Tcoh (h)

2 2.5 [2.54 x 10710, 2.54 x 1079] [3.90, 12.33]
2 16.5 [3.84 x 10711, 3.84 x 10719] [10.02, 32.68]
5 2.5 [6.34 x 107!, 6.34 x 10719] [7.80, 24.66]
5 16.5 [9.61 x 107'2, 9.61 x 10~'"] [20.04, 63.36]
7 2.5 [4.23 x 10711, 4.23 x 10719] [9.55, 30.21]
7 16.5 [6.41 x 107'2, 6.41 x 107'1] [24.54, 77.60]

age to 2.5 <7, < 16.5 kyr. Additionally, the measured
power-law relation between the distance-independent TeV
surface brightness and spin-down power yields an age
estimate of 1 < 7, < 20 kyr [54]. These estimates indicate
a relatively young source. Here, we use the age estimate
from x-ray observations (i.e., 2.5 < 7. < 16.5 kyr), as the
evolution of x-ray emission is strongly correlated with the
evolution of the magnetic field, which in turn depends on
the morphological evolution of PWN. In contrast, the TeV
y-ray emission is from the long-lived electrons which trace
the time-integrated evolution of the nebula [84].

Now we determine the range of minimum and maximum
spin-down rate (fo) expected for a target with f, €
[20,200] Hz and 7, € [2.5, 16.5] kyr. As the braking index
is unknown for this source, we calculate T, for n €
[2,5,7] to cover the extreme plausible values, based on the
current observations [85,86]. The choice of n = 2 encom-

passes the broadest range of fo values, while the n = 5 and
n =7 cases cover astrophysical scenarios where the phase
evolution is purely due to GW emission and r-mode
oscillations, respectively. Assuming that the frequency
evolution caused by timing noise is much smaller than
the secular spin-down rate of the pulsar (see Sec. VB of
Ref. [82]), we use Eq. (1) to estimate the range of possible
fo and thus T,.. A list of possible values is presented in
Table 1. We can cover all of the aforementioned scenarios
with T, = 4 h. However, this T, is not optimal as a large
number of data segments, Ny 2 1404, must be incoherently
combined, thus degrading the sensitivity of the search
which scales « N{l/ 4 [87]. To circumvent this issue, we
choose an intermediate 7., = 7.5 h, which corresponds to
fo €[~6.85x 1071°,6.85 x 1071°] Hz/s. This choice of
T ., allows us to cover the full frequency and age ranges, if
the GW emission is due to mass (n =15) and current
(n = 7) quadrupoles, and cover most of the interesting
parameter space for n = 2 (i.e., the entire frequency range
for 9.5 <7.<16.5 kyr and part of the spectrum for
7. £ 9.5 kyr). Signals with fo outside the covered range
can also be partially tracked by the HMM, although with
lower sensitivity.

III. SEARCH PROCEDURE

The search presented here is carried out in two steps.
First, the F statistic implementation in LALSUITE [88] is

used to coherently combine detector data and compute a
log-likelihood score for each 7.5 h time block. Second,
HMM tracking is used to find the optimal frequency path
through the data over the total observing run. To be precise,
the optimal path is recovered using the Viterbi algorithm, a
dynamic programming implementation of a HMM. This is
similar to the approach used in Refs. [41,50,80,81]. The
signal model is briefly reviewed in Sec. Il A, while the F
statistic and HMM are outlined in Secs. III B and I C,
respectively. The procedure used for setting an appropriate
threshold is described in Sec. III D. Finally, the details of
interferometric data used here are outlined in Sec. III E.

A. Signal model

We use the signal model described in Ref. [49]. What
follows is a summary of the most salient details. We model
the wave strain from a neutron star as

h(t) = AR, (1), (2)

where A,,, which depends on characteristic strain amplitude
(hy), source orientation (z), initial phase (¢), and wave
polarization (x or +), represent the amplitudes associated
with four linearly independent components [49]

(1) = () cos (s), 3)
ha(t) = b(r) cos (1), 4)
ha(r) = a(1) sin (). (5)
ha(t) = b(1) sin ®(1). (6)

Here, a(t) and b(¢) are the antenna-pattern functions as
defined by Egs. (12) and (13) of Ref. [49] and ®(¢) is the
phase of the CW signal of form

®(1) = 21f ot + D (1:2.8)] + By (1: £ . 5). (7)

The ®,, term in the above expression represents the time
shift introduced by the diurnal and annual motion of the
detector relative to the solar system barycenter, while the
@, is the phase shift that results from intrinsic evolution of
the source in its rest frame through its frequency derivatives
(f¥ = a® fo/di® with k > 1).

The intrinsic frequency evolution of a CW signal has two
components: a secular term, which can be easily modeled
by specifying the frequency derivatives f(()k), estimated
using the procedure outlined in Sec. II C, and a stochastic
term, which is often difficult to measure and computation-
ally infeasible to track in a coherent search. To circumvent
this issue, we use the HMM outlined in Sec. III C to track
the stochastic evolution of the signal phase and the Viterbi
algorithm to efficiently backtrack and find the optimal
pathway in frequency.
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B. F statistic

As in Ref. [50], we use the JF statistic to estimate the
likelihood of a CW signal being present in the detector data.
The time-dependent output of a single detector is assumed
to take the form [49]

x(1) = h(1) + n(2), (8)
where n(t) represents stationary, additive noise and h(z) is

the wave strain defined in Eq. (2). We start by defining a
normalized log-likelihood of the form [49]

InA = (x|h) —%(h|h), )

where the inner product (+|-) is a sum over single-detector
inner products and is given by

() =3 ) (10)
X=1
NDE[ 2 Tobs X X
N;WA dr X (10)yX (). (11)

Here, Np,, is the number of detectors and S} (f) represents
the one-sided power spectral density (PSD) of detector X at
frequency f [89]. We maximize In A with respect to the
four amplitude parameters A, to find the optimal set of
signal parameters. These parameters, known as the maxi-
mum likelihood (ML) estimators, are then used to define
the F statistic,

F = IHAML (12)

= D7'[B(x|hy)* + A(x|hy)? = 2C(x|hy ) (x|hy)
+ B(x|h3)* + A(x|hy)? = 2C(x|h3) (x|hg)]. - (13)

with A = (ala), B = (b|b), C = (a|b), and D = AB — C°.
A full derivation can be found in Sec. IIT A of Ref. [49]. In
the case of white Gaussian noise with no signal, the
probability density function (PDF) of the F statistic takes
the form of a central y* distribution with 4 degrees of
freedom, p(2F) = y*(2F;4,0). When a signal is present,
the PDF has a noncentral y? distribution with 4 degrees of
freedom, p(2F) = y*(2F;4,p3), where the noncentrality
parameter is given by

Kho*T,
po? = Ko Lo (14)
Sh (fO)

Here, S,(f) is computed as a harmonic sum over the
detector-specific S¥(f), while the constant K depends on
the sky location and orientation of the source [49].

C. HMM

In this search, we model the stochastic wandering of a
CW signal frequency as a Markov chain, whereby the
unobservable, hidden state variable ¢(z) transitions
between a set of discrete states {go. q1. ..., gy, } at discrete
times {f,#,...,ty,}. Meanwhile, the observable state
variable o(t) takes values from the set {o;....,0y,}. As
the Markov chain is memoryless, the state of the system at
time #,,; depends only on the state at a previous time step
t,, and the transition probability matrix is given by

Ay g = Prla(tun) = qjla(t,) = qi]- (15)

The observable state o; is related to the hidden state g; via
the emission probability matrix of form

Loq = Prlo(t,) = 0,lq(t,) = qil- (16)

Finally, the model is completed by specifying the
probability of the system occupying each hidden state
initially, given by the prior vector of form

My, = Prlq(10) = qil. (17)

We then find the most probable sequence of hidden states
Q* given observable state sequence O by finding Q that
maximizes [50]

Pr(Q|0) o Losy, )a(1,) Adlin, Jaltn, 1)+
X Louy), (1) Aq() g (7o) (18)

The Viterbi algorithm, as described in Ref. [90] and applied
to CW searches in Refs. [15,41,50,81], provides a recursive
and computationally efficient method for computing Q*
from Egs. (15)—(18). For computational convenience and
numerical stability, we evaluate £ = log Pr(Q|0), whereby
the products in Eq. (18) become a sum of log-likelihoods.

Here, the CW signal frequency f((#) is the hidden state
variable, which moves by at most one bin up or down
during a timescale T'.,. This is identical to the approach
used in Refs. [15,41,50] and represented by the following
transition matrix:

A (19)

919 A‘Ii‘]z = A‘]i+1‘]i = g ’

with all other A, , entries being zero. This choice of matrix
is appropriate because timing noise is especially pro-
nounced in young pulsars with 7. < 10 kyr [39,48]. The
observable is the F statistic with an emission probability
given by [50,80]

Lojqi & exp [f(fO)]’ (20)
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where F(f,) is computed for each segment of length T,
at a frequency resolution of Af., = 1/(2T.). The
method for setting Ty, is discussed in Sec. IIC. We
choose a uniform prior IT, = N él for this study, as the
frequency of the signal at 7, is unknown.

D. Threshold

We aim to find a threshold log-likelihood (L) that
corresponds to a desired false alarm probability ay = 1% in
each subband. The detector ASD [S,(f)'/?] changes by 3
orders of magnitude over the 20-200 Hz band [73]. To
understand how this may affect the threshold for the search,
we generate 500 Gaussian noise realizations in eight 2-Hz-
wide subbands, namely, those starting at 20, 45, 61, 80,
110, 145, 175, and 200 Hz. We set S,(f)'/?> of each
subband to match the band-averaged one-sided noise ASD
of the O2 data [73]. The search parameters are outlined in
Table II. Figure 2 shows the distributions of maximum log-
likelihoods obtained using 500 realizations in each sub-
band, all of which are consistent with a Gumbel distribution
[91]. We list the 99th percentile Ly corresponding to
ay = 1% for each subband in Table III. The results show
relatively small variation (~0.2%) over the 20-200 Hz
frequency range. This is consistent with the results pre-
sented in Ref. [92], where a similar trend is observed
despite using a slightly different detection statistic. These
results also show negligible variation in the predicted Ly,
with the detector noise PSD. This is expected as the inner
product defined in Eq. (11) includes a noise weighting «
S, (f)~! that removes the dependence on S,(f). We there-
fore combine all 4000 noise realizations into a single
dataset and use it to compute the 99th percentile
Ly, = 5396, corresponding to ay = 1% per 2 Hz subband.

E. LIGO data

We use the publicly available data from the O2 run of the
alLIGO detectors, specifically the GWOSC-4 KHz_R1_
STRAIN channel, to search for CW signals from HESS
J1427-608 [73]. The aVirgo detector was also operating for
the last month of O2. However, we omit aVirgo data due to
the relatively short observing time and lower sensitivity

TABLE II. Search parameters. Here, Ny = Ty /Tcon 1S the
total number of coherent steps. RA, right ascension; DEC,
declination.

Parameter Value Units

RA 14:27:56.7 J2000 h:min:s
DEC —60:52:14 J2000 deg:min:s
fo 20-200 Hz

Afcon 1.9 x 107 Hz

T con 7.5 h

T s 234 days

Nt 748 e

0.025 — (| [ 20Hz
[ 45Hz
_| [ 61Hz
= [ 80Hz
0.020
?3_ 1 110Hz
[ 145Hz
- = 175Hz
.015 — —
50015 B 200Hz
C
5 E _
a — =
0.010 =
0.005 — E EE
= ==
= —_———
0.000 ——=F i i i
5300 5320 5340 5360 5380 5400 5420 5440

Log-likelihood

FIG. 2. Distribution of maximum log-likelihood scores in
Gaussian noise across eight frequency subbands. Each distribu-
tion is constructed using 500 realizations. The starting frequency
of each 2-Hz-wide subband is denoted in the legend.

[73]. We also exclude data from the first few weeks of the
02 run (November 30, 2016-January 4, 2017), where the
data quality was not optimal and was followed by a brief
break in the operation of both detectors. With these cuts, we
choose a common period from January 4—August 25, 2017
(GPS time = 1167545066-1187762666) to perform a joint
analysis of the two aLLIGO detectors. This gives us a total
observation period of T, = 234 days. Table Il summa-
rizes the parameters of the search.

IV. RESULTS

The search returns a total of 246 candidates with £ > Ly,
over the frequency range 20-200 Hz. This number exceeds
the single candidate expected given a; = 1% per subband,
most likely due to non-Gaussian features in the real aLIGO
detector noise. This is especially true for subbands with
fo < 80 Hz, which are heavily contaminated by instru-
mental lines and contain 94% of candidates identified here
(refer to Fig. 3).

TABLE III. The 99th percentile log-likelihood thresholds for

eight subbands used in the threshold study.
Subband (Hz) L
20-22 5394
45-47 5402
61-63 5394
80-82 5388
110-112 5399
145-147 5399
175-177 5400
200-202 5393
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FIG. 3. Log-likelihood (L) versus frequency of candidates with

L > L. The dotted horizontal line indicates the Gaussian
threshold set using the procedure outlined in Sec. IIID. The
preveto candidates (gray squares) are shown along with the
survivors after the known lines veto (orange circles), single
interferometer veto (green triangles), and Doppler modulation
veto (blue stars). No candidate survives the off-target veto.

All 246 candidates are passed through a four-step veto
procedure, which is adapted from previous studies
[52,53,92] and used to eliminate candidates resulting from
noise artifacts. The vetoes are as follows: (1) The known
line veto rejects candidates that have a Viterbi path that
intersects a known instrumental line in either the Hanford
or Livingston detector. (2) The single interferometer veto
eliminates candidates that return £ > £, in only one of the
interferometers, not both. Here, £, denotes the log-like-
lihood from the dual-interferometer search. (3) The
Doppler modulation (DM) veto involves turning off the
DM correction, which accounts for the Doppler shift due to
Earth’s motion, and recomputing the log-likelihoods.
Astrophysical signals usually become undetectable without
this correction [93]. Therefore, candidates with comparable
L in both the DM-on and DM-off searches are rejected.
(4) The off-target veto involves performing the search at an
offset sky location. We reject candidates that return
comparable £ in both the on-target and off-target searches.

The reader is referred to Appendix B for a detailed
description of all four vetoes. Table IV summarizes the
outcome at each veto step, while Fig. 3 shows the location
of each candidate in the log-likelihood (L) versus fre-
quency space. No candidates survive at the end of the veto
procedure.

A. Observational upper limits

No above-threshold candidates survive the postprocess-
ing analysis outlined in Sec. IV. We therefore start by
obtaining an estimate for the minimum detectable strain

TABLE IV. The number of candidates remaining after each
postprocessing step. A total of 246 candidates, with £ > Ly,, are
passed through a four-step veto procedure. None survive this
procedure.

Processing step Number of candidates

Preveto 246
Known lines veto 135
Single interferometer veto 20
Doppler modulation veto 2
Off-target veto 0

using the following analytic expression for the 95% con-
fidence sensitivity of a semicoherent search [80,94], viz.

hgst = ®Sh(f)l/2(T0bsTcoh)_]/4’ (21)

where S;,(f)!/? is the noise ASD and © is the statistical
threshold that is directly proportional to the root-mean-
square signal-to-noise ratio of the search [87]. One typi-
cally finds 30 < ® <40 for this type of search [94].
Following previous searches for CW signals with a
HMM [80,94,95], we set ® = 35. The theoretical upper
limit (4§") is shown by the red curve in Fig. 5.

We also quantify the sensitivity of the search by
estimating hQ°%, such that a circularly polarized signal
with hy > hg>% is detectable on 95% or more occasions. To
do this, we randomly inject 100 simulated signals with a
fixed hg into five subbands, namely, those starting at 86,
101, 146, 170, and 194 Hz. These subbands are chosen at
random from a set of bands that return less than three
unique paths with £ > Ly in the original search.
Equation (21) provides the scaling that can be used to
estimate the sensitivity of all other frequency subbands.
Additionally, the frequencies of these software injections
are randomly chosen within the subband. As the upper
limits computed here are model dependent, we set cosz = 1
for optimal orientation and randomly draw the polarization
angle from y € [0,7z]. For each trial, we then use a
combination of the F statistic and Viterbi algorithm to
look for the injected signal in the detector data, using the
setup outlined in Table II. The above process is repeated for
ten different values of & in each subband. Each trial acts as
a Bernoulli trial with a probability of success (efficiency) p
given by the Wilson interval [96],

_s+5(1l=ap/2)? 1—a;/2
PN (=27 N + (1= a;/2)

s(N;=s) (1—a;/2)?
x\/ T s

4 9
where N; = 100 is the number of injections and s is the
number of successes. For each subband, we use the curve fit

(22)
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FIG. 4. Detection efficiency (p) versus signal strain (k) for
170-172 Hz subband. The red dots show the results obtained with
simulated signals in detector data, while the solid blue curve
shows the sigmoid fit along with the 2¢ uncertainty interval.

tool in PYTHON to fit a sigmoid curve [97] to the distribution
of recovery efficiency (p) versus strain sensitivity (h), with
uniform priors over the sigmoid parameters. An example fit
is shown in Fig. 4. The best fit parameters are then used to
find 7>* which corresponds to p = 95%. The black dots in
Fig. 5 show the estimated upper limits for the five subbands
tested here.

Theoretical sensitivity
10722 —-— Estimated sensitivity
- ® Injections
¥ Age-based limit
¥
10783 — %
® %
n “
1024 ‘_\k
e
10725 — B
| | |

0 50 100 150 200
Frequency [Hz]

FIG. 5. The sensitivity estimate hy>”* obtained from HESS
J1427-608 assuming a circularly polarized signal. The red curve
represents the minimum detectable strain derived using the
analytic expression in Eq. (21). The black dots represent the
h>% limit obtained empirically in the sample subbands. The blue
curve represents the estimated th% across the full 20-200 Hz
band. The orange band indicates the range of the age-based

indirect limit (/2g5°).

Finally, we calculate a = hJ°% /h&* for each of the five
subbands tested here and use the mean a across these
subbands to estimate the sensitivity across the full fre-
quency band as h°% = ah$". This is shown by the blue
curve in Fig. 5.

The estimated search sensitivity is below the theoretical
limit over the entire search band. This occurs because the
search is sensitive not to %, but to a combination of A
and cos 1, commonly referred to as g, The scaling is given
by (98]

+cos?1)/2]? + [cos1)?
2 b

iy =i @)
where (hST)? = h2 for circular polarization (i.e., 1 = 0° or
180°), h3/8 for linear polarization (i.e., 1 = 90°), and 2h3/5
for an isotropic average over the inclination angle :.

The h>” limits obtained empirically in the five sample
subbands assume cos: =1 for optimal orientation (i.e.,
circularly polarized signals). Therefore, these limits do not
need to be scaled as one has £5"*% = Y% The expression
for A", on the other hand, assumes marginalization over the
unknown parameters, namely, cos: and yw [87,99].
Therefore, one must scale h§" to obtain an effective
sensitivity independent of cosz (i.e., hi " = \/2/5h")
before comparing it to 1% or h)>%.

The scaling ratio, which is used to compute sensitivity
across the full frequency band, is thus expected to be
a = KET9% /petest — 0,633, Based on the simulation
results, the calculated ratio (i.e., a = 0.639) is consistent
with this value within uncertainty and thus explains the
observed trend.

B. Theoretical upper limits

Assuming that the star loses all of its rotational kinetic
energy as GWs, we can also derive an age-based indirect

strain limit (k) for the source, given by [95]

1kpc\ /1kyr\z I
heE =2.27x 1072 = . (24
P (55) (2F) (i) 0

Here, D is the distance to the source, 7,. is the characteristic
age, and [, is the principle moment of inertia. Although the
exact distance to HESS J1427-608 is unknown, studies
suggest a value between 6 and 11 kpc [28,83,100].
Assuming 1., = 10*® kgm? and 7, € [2.5,16.5] kyr, the
age-based indirect strain sensitivity is 0.51 < A%/
(1072%) <2.39. This is shown by the horizontal orange
band in Fig. 5. Note that the 95% confidence upper limit
surpasses the indirect age-based limit for f, > 50 Hz
and specific source scenarios (i.e., 2.5 < 7. < 4 kyr and
6 < D < 7.5 kpc), reaching a minimum of 1.3 x 1072
around 185 Hz. Data from O3 and future observing runs
are needed to explore the remaining parameter space and
exclude other source scenarios.
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V. ASTROPHYSICAL IMPLICATIONS

The GW strain upper limit can be converted into a
constraint on the ellipticity of the neutron star € [49] and the
r-mode amplitude parameter a [71]. For ellipticity calcu-
lations, we assume that the CW signal frequency (f) is
twice the rotational frequency (2f.). Given the estimated
th% and assuming a canonical moment of inertia
(I, = 10* kgm?), we constrain the fiducial ellipticity
of the neutron star in terms of the GW frequency via [49,94]

K% D 100 Hz\ 2
_ -5 0
€ =946 x 10 (10_24> (1 kpc>< 2 ) . (25)

We also convert th% to a limit on the amplitude of r-mode
oscillations via [101,102]

hI>% D 100 Hz\ 3
~0.028( -2 ) 26
w0028 (o) (i) (70 ) - @9

These limits are shown in Fig. 6. The best constraints on the
star’s ellipticity (¢ <2 x 107°) and r-mode amplitude
(¢ <3 x 1073) are obtained at 200 Hz. The ellipticity
constraint is above the rough theoretical maximum
(€ ~107%) predicted for a neutron star [103—105]. The
constraint on the r-mode amplitude, however, does reach
the a ~ 1073 level expected for the most detailed explora-
tion of the nonlinear saturation mechanism [106,107]. Data
from future observing runs should provide stricter, more
meaningful constraints. Note that the results presented here
refer to a specific scenario with source properties y € [0, 7]
and cos: = 1.

VI. CONCLUSION

In this paper, we present a search for CW signals from
HESS J1427-608, an unidentified and spatially unresolved
TeV point source potentially harboring a young pulsar,
using aLIGO’s publicly available O2 data. The search uses
a method that combines the maximum likelihood F
statistic with a HMM to efficiently track the secular
spin-down and stochastic spin wandering. No evidence
of a CW signal is found. We set the first upper limits on the
GW signal amplitude, mass ellipticity (¢), and r-mode
amplitude («) for this target in a directed search. The best
(lowest) constraint on the CW signal amplitude (for
circularly polarized signals) is hg>” ~ 1.3 x 107 near
185 Hz, while ¢ and « are constrained to <2 x 10~ and
<3 x 1073 around 200 Hz, respectively.

HESS J1427-608 has not been targeted by previous CW
searches. Therefore, we cannot make a direct comparison
between the results presented here and previous studies. We
can, however, qualitatively compare these results with
searches that target young SNRs with a compact central
object (7. € [2.5,16.5] kyr) and use O2 data. Lindblom
and Owen [108] used O2 data to search for signals from

(a) Ellipticity upper limit

101 —;

100—+

-5
10 | | |

50 100 150 200
Frequency [Hz]

(b) R-mode amplitude upper limit
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10—2 —
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FIG. 6. Constraints on the (a) neutron star ellipticity and
(b) r-mode amplitude, plotted as a function of CW signal
frequency (f,). The red and green dotted lines correspond to
the closest distance estimate (i.e., D = 6 kpc), while the shaded
regions indicate the results across the full distance range.

12 supernova remnants, nine of which have 7.€&
[2.5,16.5] kyr. No evidence of a CW signal was found.
The reported strain limits are slightly above 1 x 107 at a
90% confidence interval level and comparable to the limit
obtained here. Papa et al. [109] used Ol and O2 data to
search for CW signals from the central, compact objects
associated with three young supernova remnants;
Cassiopeia A (Cas A), Vela Junior (Jr.), and G347.3-0.5.
The authors set 90% confidence limits of th% =12x
1072°,9.3 x 1072°, and 9.0 x 10~2° for Cas A, Vela Jr., and
G347.3-0.5 near 185 Hz, respectively. The limits for Vela Jr.
and G347.3-0.5 are ~1.3 times better than the constraint
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obtained here, while the Cas A limit is comparable.
Following this study, Ming et al. [110] improved the
constraints on the 90% upper limit for G347.3-0.5
(r, = 1.6 kyr) to h)®* ~7.5 x 1072%, which is 1.7 times
better than this search, albeit for a different target. However,
none of the above analyses track stochastic spin wandering,
unlike the HMM approach in this paper. Studies with data
from future observation runs and better analysis methods
will further extend the sensitivity of CW searches and
increase the chances of detection.
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APPENDIX A: EXPRESSION FOR T,

In this search, we require the change in CW signal
frequency due to the secular spin-down of the pulsar over
[, + T.onl to satisfy

+ Tcoh .
/ dt o)
t

for 0 <t < Ty [80]. Here, T, denotes the coherence
timescale, T, denotes the total observation period, and
Af.on 18 the frequency resolution of the search, related to
T.on via

< Afcoh (Al)

1

Afcoh = Th .
co

(A2)
Even though the signal frequency f, may not be locked to
the star’s spin frequency f, [111,112], we can assume f{, =
[ to a good approximation. Combining relation (A1) with
(A2), we arrive at the following equality:

1
2Tcoh .

|f* ‘Tcoh ~ Afcoh = (A3)

By solving for T, one obtains T, < (2|f.])72.

APPENDIX B: VETOES

The non-Gaussian nature of interferometer noise can
cause outliers with detection statistic above the threshold.
To remove such artifacts, all candidates with £ > L, are
passed through a four-step veto procedure. Below, we
briefly describe these vetoes and their rejection criteria.
(1) Instrumental noise lines. A vast majority of the
terrestrial candidates are identified and rejected
using the list of persistent instrumental lines
[113]. These lines are identified during the detector
characterization process and originate as resonant
modes of the suspension system, external environ-
mental causes, and interference from the equipment
around the detector. We veto all candidates for which
[fo—0f0, fo + 6fp] intersects with a known instru-
mental line. Here, f is the frequency of the path at
t =0 and 6f is the frequency spread due to the
Doppler shift correction applied by the F statistic,
ie., £6fy ~ 1074 £, [93].

(2) Single interferometer veto. An astrophysical signal
should be present in data from all detectors and have
a better signal-to-noise ratio in the detector with
higher sensitivity. Strong noise artifacts that are only
present in one detector can also produce candidates
with £ > Ly, in the dual-interferometer search. To
separate local noise from astrophysical signals, we
repeat the analysis in the Hanford and Livingston
detectors individually. A candidate is vetoed if it
satisfies two criteria: (1) One of the single interfer-
ometer searches yields £ > £, where L, denotes
the log-likelihood from the dual-interferometer
search, while the other interferometer yields
L < L, and (2) the Viterbi path from the interfer-
ometer with £ > L, intersects the original path.
(3) Doppler modulation veto. This veto was first intro-
duced in Ref. [114] and further studied in
Refs. [53,93,95]. It involves turning off the DM
correction, which accounts for the Doppler shift due
to Earth’s motion around the Sun, and recomputing
the log-likelihood [53,80]. By default, the F statistic
applies this correction to the data depending on the
source’s sky location. It boosts the significance of a
true astrophysical signal while spreading a terrestrial
signal over several bins, thus reducing its signifi-
cance. Therefore, we veto a candidate if the DM-off
analysis yields Lpy_or = £y, and a new Viterbi path
which intersects the band [fy—6fo. o+ 6f0l,
where f, denotes the frequency of the candidate
at t =0. An injection study is used to test the
validity of the DM veto in the search configuration
presented in this paper. The results are summarized
in Appendix C.

(4) Off-target veto. First introduced in Ref. [81] and
further studied in Refs. [53,93,95], this veto involves
shifting the sky position away from the true source’s
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TABLE V. Injection parameters used to create synthetic data
analyzed in the DM-veto study. rand(a, b) denotes a uniformly
distributed random number between a and b.

Parameter Value Unit
Reference time 1167545066 e

RA 14:27:56.7 J2000 h:min:s
DEC —60:52:14 J2000 deg:min:s
Band 99.9-102.1 Hz

fo rand(100,102) Hz

coS1 0 e

ho (1.5 and 3) x107% e
S,(f)\/? 5.6 x 10724 1/vHz

location. The sky offset is related to the length of
T .on such that as T, increases, the offset decreases.
An astrophysical candidate should yield the highest
detection statistic at the source’s sky position [115].
On the contrary, a noise artifact will remain con-
sistently above L, regardless of the offset. For this
study, we adapt the sky offset from Ref. [82], as the
coherence times are comparable. This involves
shifting the right ascension by dgra = 3h and decli-
nation by dpgc = 10 min. We veto the candidate if
the off-target search yields L > £, and returns a
new Viterbi path intersecting the band [fy — 6f,
fo+6fg] from the dual-interferometer, DM-on
search.

APPENDIX C: DOPPLER MODULATION VETO

We use software injections to test the effectiveness of the
DM veto in separating an astrophysical signal from a
terrestrial one. We start by finding a threshold log-likelihood

(a) Strong signal regime

| ®°8e 0083 o ? @ g@ > @
10000 ' g@ @ﬁ@@ @6@9%9 § 8%% d%gg
9000 —|
kel
é DM on
% 8000 — DM off
X~ --- threshold
¢_'5, o overlapping
3 7000
6000 — .
e s ST 0t e e “ e
| | \ | |
100.0 100.5 101.0 101.5 102.0

Frequency [Hz]

FIG. 7.

TABLE VI. Search parameters used to test the validity of the
DM veto.

Parameter Value Unit
Reference time 1167545066 e

RA 14:27:56.7 J2000 h:min:s

DEC —60:52:14 J2000 deg:min:s
Band 100-102 Hz

Af 1.9 x 1073 Hz

Teon 7.5 h

T obs 234 days
Threshold 5429 and 5397 e

(L) to give a desired false alarm probability of ay = 1% in
the 100-102 Hz subband. The procedure used here is
identical to the one described in Sec. III D. We generate
500 Gaussian noise-only realizations in the chosen subband
and set the detector ASD [S,(f)"/?] to match the band-
averaged one-sided noise ASD of the O2 data (see Table V).
We search the data using a combination of the F statistic
and the Viterbi algorithm. The distribution of maximum log-
likelihoods is then used to find the 99th percentile Ly,
corresponding to ay = 1%.

Here, we test the validity of the DM veto using injections
into Gaussian noise in two regimes: the strong signal
regime, where the injected signals are easily detectable
(ie., L> L), and the weak signal regime, where the
signals are marginally above the detection threshold (i.e.,
L > Ly). The Gaussian thresholds for the two cases are
stated in Table VI

Once the thresholds have been established, we inject
synthetic signals into white Gaussian noise. The injection
parameters are outlined in Table V. We generate 100

(b) Weak signal regime

6100 —
6000 —
- Lt
5900 — L
o] o0 e . RO
85800— .+ . . ®
< . e S e ¢
5 | .
i—‘ >700 « DMon
25600 — DM off
— === threshold
5500 — O overlapping
5400, T TTTTTLTTTTTTTTTTUT
B TR PR o3
23007 | | | |
100.0 100.5 101.0 101.5 102.0

Frequency [Hz]

Outcome of the Doppler modulation veto injection study, displayed as log-likelihood versus signal frequency f. (a) Results

for the strong signal regime (i, = 3 x 107). Blue and red dots show the results for a search with the Doppler modulation (DM)
correction turned on and off, respectively. The circles indicate realizations that have overlapping paths between the two searches.
(b) Weak injections (hy = 1.5 x 107>%) in Gaussian noise, laid out as in (a). Note that all of the DM-off candidates are below the
Gaussian threshold. Additionally, only 3/100 realizations return overlapping paths in the DM-off veto.
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realizations for Hanford and Livingston detectors using the
Makefakedata_v4 tool in LALSUITE [88]. The data are then
searched using a combination of the F statistic and Viterbi
algorithm. We summarize the parameters for this study in
Table VI. These are identical to ones used in the original
search. Each candidate with £ > Ly, is searched again with
DM turned off and rejected if it satisfies the criteria outlined
in Appendix B.

The results are shown in Fig. 7. We experiment with two
different values of A to investigate the validity of DM veto
in the strong and weak signal regime. The blue and red dots
in Fig. 7 indicate the resultant log-likelihood with (L)) and
without (Lpy_ofr) the DM correction, respectively. In the
strong signal regime [Fig. 7(a)], all candidates in the DM-
off search return Viterbi paths that intersect their DM-on

counterpart in the band [fy—Jfy, fo+ Ofol- This is
expected, as the injected signals have a sufficiently large
signal-to-noise ratio to be easily separated from the back-
ground noise, even when DM is turned off. However, all of
these candidates have Lpy_oir << Ly, thus only satisfying
one out of the two veto criteria. As a result, the injections
pass the DM veto. Similarly, all candidates in the weak
signal regime [Fig. 7(b)] return Lpy_oir < Ly < Ly, and
thus pass the DM veto. This is true even if the analysis
returns candidates with overlapping paths, as is the case for
3 out of 100 realizations. Lack of overlapping paths is
expected, as the signals become indistinguishable from
background noise at this strain sensitivity. These results
suggest that we can safely apply the DM veto outlined in
Appendix B to this search.
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